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SUMMARY
This thesis reports an investigation into the nature of the compensation introduced 
when oxygen is implanted into n-type gallium arsenide. Results have been obtained using 
Hall effect and capacitance voltage measurements with computer simulation being 
applied to both techniques to assess the errors encountered when measuring ion 
implanted material. Notably, the effect of the air semiconductor depletion region on Hall 
effect measurements has been shown to lead to large discrepancies between the two 
techniques. The simulation has enabled the two measurements to be harmonised and 
estimates have been made to profile shapes in the depletion region, an area which was 
previously immeasurable.
After simulation the results show that the behaviour of oxygen is dependant on the 
original species of n-type dopant used. Silicon, selenium and sulphur implants have been 
studied. The results show that the compensation introduced by oxygen implantation is 
dominated by damage related mechanisms. The damage mechanism is shown to depend 
on the original n-type dopant used. Deep silicon implants show that there is a definite 
contribution from centres which require the presence of the oxygen atom. The conclusion 
of the work is that the nature of the compensation introduced by oxygen is complex but is 
possibly linked to local fluctuations in stoichiometry which inhibit the activation on the 
gallium site.
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CHAPTER 1 
INTRODUCTION
One of the major advantages that gallium arsenide (GaAs) has over silicon is the 
ability to grow the as received material in semi-insulating form. However, during device 
manufacture conductive regions are introduced into this semi-msulating material. In some 
cases it is necessary to remove some of these conductive regions, for example, to 
electrically isolate devices from each other to overcome the problem of backgating. This 
can be achieved by chemically etching a mesa between devices or by implanting 
compensating ions to remove selectively the unwanted conductive region. A number of 
ions have been studied for use in this technique, for example, protons, boron, chromium, 
fluorine, nitrogen and oxygen.
This section reviews the results obtained using ion implantation to produce highly 
resistive layers in GaAs.
1.1 Proton implantation
Proton implantation was first shown to convert both p-type and n-type GaAs 
into high resistivity material by Wohlleben and Beck Foyt et al.^  ^  then showed that 
this property could be used beneficially to isolate devices in GaAs. They showed that 
the compensated region remained after contact alloying at 500°C, but was removed 
after annealing at 700°C. Other authors have repeated this work with the same 
result  ^\
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Donnelly and Leonberger have summarised the work of a number of authors 
on single energy proton implantation into n-type substrates. They show that with no 
annealing, there is an optimum dose, whose magnitude depends on the original carrier 
concentration, which maximises the resistivity. Likewise there is a greater optimum 
dose if annealing is performed after implantation. Multiple energy implantation was 
used to compensate deep layers and resistivity values around IxlO^Qcm were 
obtained even after annealing at 500°C. This resistivity measurement is in agreement 
with the results of Pruniaux et al. who also profiled the compensating centres and 
found that the peak coincided with the proton range. Further to this they found that the 
increase in compensation was linear with proton dose at all depths.
Dyment et al.^  ® have studied the effects of proton bombardment on p-type 
substrates and found that the maximum achievable resistivity was about 2x10  ^(1cm, 
which is considerably less than that obtained for n-type material. However, the change 
in the resistivity observed is qualitatively in agreement with the results for the n-type 
substrates. They suggest that the difference in the achievable resistivities indicates 
that the Fermi level must lie on the p-type side of the midgap for the p-type substrates 
but nearer midgap for the n-type. However, these results are contradicted by those 
obtained by Brudnyi et al.  ^^  who found no such difference in the resistivity in their 
specimens.
A comparison of the compensating behaviour of protons, deuterons and tritons 
has been made by Steeples et al.  ^ They conclude that deuterons remove carriers far 
more efficiently than either protons or tritons. Steeples had previously shown the 
increased compensating effect of deuterons and advocated their use in preference to 
protons for device isolation.
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Gecim et al. has compared the effects of implanting and H3+ ions on
n-type substrates and found that they behaved identically. They find a slight reduction 
in the carrier removal for all ions around 250°C.
In conclusion it would appear that the compensating nature of proton 
implantation is due to defects created as a consequence of the implantation process, 
rather than the presence of the proton itself. This compensating behaviour is dose 
dependant but can be annealed out in all cases at temperatures around 600°C.
1.2 Oxygen implantation
Oxygen was initially considered to be responsible for the semi-insulating 
property of GaAs. However, the exact nature of its behaviour has remained unclear 
for many years. The role of oxygen in the growth of GaAs has aroused much interest. 
Bulk material was shown to be semi-insulating by Blanc and Weisburg i " when it was 
grown in an oxygen atmosphere. This was initially thought to be due to the 
suppression of silicon impurities being incorporated as donors during growth, but 
other workers suggested that the deep level EL2, always present in bulk material, 
was due to oxygen and therefore responsible for the semi-insulating behaviour 
observed. However, subsequent work has concluded that EL2 is not related to oxygen, 
since the amount of oxygen present is not enough to account for the concentration of 
deep levels near the mid gap Recent work by Lagowski et al.  ^ has shown that 
oxygen is indeed related to a mid gap level, ELO, which has an energy very close to 
the value for EL2.
Other work has been concerned with the effects of implanted oxygen on 
intentionally doped material. F a v e n n e c w a s  the first to publish results which 
showed that oxygen could be used to form semi-insulating layers in epitaxially doped
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GaAs. He showed that compensation due to oxygen remained even after annealing 
above 600°C in contrast to the results obtained for protons. He concluded that the 
compensation observed, after the 600°C anneal, was not due to residual implantation 
damage but postulated that the oxygen formed a deep double electron trap. He found 
no dependence of the compensation on the ion used in the doping process, but this 
view is contradicted by the results presented by Berth et al. who found that the 
compensating effect is strongly dependant on the initial donor atom used. They show 
that the compensation is retained at higher temperatures if silicon rather than selenium 
is used as the implanted dopant. This work however, confirms the findings of 
Favennec in that they show the compensation is retained only when the dose is large 
in comparison with the existing carrier concentration. The nature of the compensation 
has been studied by Asano et al. but they could produce no definite model. They 
concluded that the compensation was due to oxygen related defects which were 
different from those introduced by proton implantation. They found two trap levels 
associated with the oxygen which did not exist in the starting material.
Von Neida et al. has implanted oxygen into both p-type and n-type material 
but after annealing at 900°C, only found significant compensation for the beryllium 
implanted material. The results show that the compensation for the other ions is 
removed at lower temperatures for the n-type dopants than for the p-type. They 
suggest that the carrier removal observed for all but beryllium doped material is 
consistent with damage related centres. However, the work of Adachi  ^ on 
GaAs/AlGaAs heterostructures does not show a highly compensated layer from 
beryllium and oxygen implants after annealing above 600°C. Similarly, 
Humer-Hager -^22, whilst finding compensation of beryllium doped layers using
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oxygen sees no difference between these results and those for magnesium implanted 
layers. However, they do still observe effects related to oxygen even after annealing at 
900°C.
Nojima has compared the isolation characteristics of oxygen and chromium 
implants on sulphur doped substrates ’ 23. He finds a similar pattern for the reduction in 
compensation with annealing temperature for the oxygen implanted samples as Von 
Neida et al. but with the compensation being removed at temperatures around 700°C.
It would seem that the exact role of oxygen in the growth of semi insulating 
GaAs has been resolved whilst the effects of implanted oxygen are still poorly 
understood. The main problem would appear to be the different behaviour observed if 
the original dopant species is changed.
1.3 Other ions
A number of other non dopant ions have been studied, though not as widely as 
protons and oxygen. The work of Nojima has already been mentioned, where he has 
compared the isolation effects of chromium and oxygen. He suggests that chromium 
diffuses at temperatures around 700°C to form thick compensating layers even after 
annealing above 800°C. Eirug Davies et al. ' 24 has compared the compensating effects 
of boron, nitrogen and fluorine. He observes two annealing stages in the nitrogen 
implanted samples, firstly at 225°C which they attribute to the removal of point 
defects and a further stage at 525°C which they attribute to the removal of extended 
defects.
The isolation characteristics of boron implants have been studied by 
Clauwaert et al.  ^25 who found a similar dose dependence as for the proton implants to 
obtain high resistivity material. They found that with no annealing the dose required
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to produce high resistivity material was lower than when annealing was performed. 
McNally  ^ has used boron to selectively tailor silicon implanted profiles. He shows 
that the tad of the silicon doping can be compensated by a deeper boron implant and 
he has used this feature to produce MESFET’s with improved current voltage 
characteristics.
1.4 Project Aim
The nature of the carrier removal introduced by implantation of a neutral ion 
remains difficult to understand. This work sets out to study the effects of oxygen 
implants on n-type layers introduced by implantation. As mentioned in section 1.2 the 
carrier removal effects of oxygen appear to be dependant on the original dopant 
species used (Berth et al.). This study examines the differing effects of oxygen on the 
electrical profiles for silicon, selenium and sulphur implanted material, in an attempt 
to clarify the behaviour observed.
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CHAPTER 2
EXPERIMENTAL TECHNIQUES,
2.1 Starting material.
All the material used in this work was (100) semi-insulating gallium arsenide 
grown by the Czochralski method^ ^  The material was obtained from Dowa, coated 
with 500Â of plasma enhanced chemical vapour deposited silicon nitride on the front 
surface and 800Â of the same nitride on the back surface. Implantation into this 
material was performed with the nitride in place. All the nitride depositions were 
performed by Plessey Research Caswell Ltd..
2.2 Ion Implantation.
Ion implantation has become a routine method for the introduction of impurities 
into semiconductors. The technique involves the production of positively charged ions 
which are accelerated through a controlled potential and then allowed to impinge on 
the sample. Unlike diffusion methods, ion implantation allows independent control 
over the depth and concentration of the dopant. The general aspects of the method 
have been extensively covered in the literature 2 2/2.3
The SOOkeV heavy ion implanter at the University of Surrey has been used to implant 
all the ions used m this work with the exception of the 240keV 6x10 ’2 cm-2 silicon 
implants which were performed at Plessey. In this section a brief overview of the 
500keV implanter and its use is given.
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2.2.1 Implantation procedure.
Positive ions are produced in a Neilsen type source and extracted at about 
15kV. An Einsel lens is used for focusing before acceleration through potentials 
from 50 to 500kV. The ions are magnetically separated, post acceleration, and the 
desired ion is scanned electrostatically across the sample. Secondary electron 
suppression of about 300V is maintained on a suppression plate behind the 
aperture just in front of the sample which is clipped onto a plate mounted on a 
sample holder in a vacuum chamber. The implanted dose is monitored by 
integrating the charge collected at the sample.
A number of precautions are taken during implantation to ensure that the 
correct ion and dosage are obtained. Firstly, during implantation a pair of slits at 
the exit of the magnet are moved such that only one ion species is allowed to pass. 
Secondly, neutral filtering is achieved using a d.c. offset applied to the electrostatic 
scanning plates. Thirdly, there are four Faraday cups located around the aperture 
which are used to ensure that the scanned ion beam covers the sample area and is 
central with respect to the aperture so that uniform dosimetry can be obtained.
2.2.2 Implanted ion range profiles.
The distribution of ions within the sample after implantation was predicted to 
be roughly Gaussian by Lindhard et al. In this work the projected range 
algorithm, proposed by Biersack 2% has been used to predict the mean range of 
ions, Rp, and the standard deviation about this mean ôR^ . The distribution of the 
implanted ions with depth, N(x), is then found from :
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%  (2 .1)
2hRl j
It should be recognised that this equation only applies to amorphous targets. 
Consequently, when crystalline targets are implanted the orientation of the sample 
will affect the final distribution of the implanted ions due to the presence of 
channels in the crystal stmcture. In order to approximate to an amorphous target 
during implantation the sample is tilted by 7° from the beam axis to minimise the 
effects of channeUing along the crystal axes. However, a small proportion of the 
incident ions may still be channelled leading to a ’tad’ on the implanted ion depth 
profile.
2.3 Encapsulation.
One of the major disadvantages of ion implantation is that it introduces damage 
into the crystal structure of the sample. Heat treatment (annealing) is used to regrow 
the crystal stmcture and incorporate the implanted dopant. In most cases this process 
requires temperatures in excess of 600°C and because of the high vapour pressure of 
arsenic, GaAs undergoes incongment evaporation at and above this temperature. 
Consequently, it is necessary to deposit a thin dielectric layer on the surface of the 
sample to maintain the stoichiometry of the material and to act as a barrier to out 
diffusion of either the implanted impurities or the host atoms. As mentioned in 
section 2.1 all the material in this work was encapsulated with plasma enhanced 
chemical vapour deposited (PECVD) silicon nitride before implantation.
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The deposition process is based on the reaction of süane and ammonia as shown 
below :
3SiH, + 4 NH3 -> Si3N, + I2 H3
The conventional CVD process requires the sample to be heated to temperatures 
around 630°C but in the PECVD process the reactants are formed into a plasma above 
the sample which allows the growth temperature to be reduced to about 300°C.
2.4 Annealing.
All the annealing in this work has been performed using a nitrogen flow furnace. 
The anneal temperature was set using a platinum/rhodium resistance thermometer fed 
along a glass tube to the position where the sample would be placed. Once the 
temperature had stabilised the thermocouple was removed before the sample, resting 
on a silicon wafer, was pushed into the furnace on a quartz boat. The sample was 
removed from the heated section of the furnace after the anneal and allowed to cool in 
flowing nitrogen.
The thermometer was calibrated against three elemental melting points and the 
uncertainty in the temperature was found to be within 2 % over the temperature range 
660-1064°C.
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2.5 Hall effect measurements.
Resistivity and Hall voltage measurements have been made on clover leaf shape 
samples (Figure 2.1) to obtain estimates of the carrier concentration and Hall mobility 
as described by Van der Pauw 2 *.
Electrical Contact
Etched Region
Figure 2.1 Clover leaf Hall sample
Two resistance measurements are made to estimate the sheet resistivity as 
shown below :
R , = 3,4 ^4.1
(2.4,2.5)
-*2,3
These measurements are repeated with the current reversed to eliminate the 
effect of contact resistance. The sheet resistivity is then calculated from :
K ^ (2 -6 )
where F is a correction factor, which is a function of Rj and R^  which tends towards 
unity for a symmetrical sample.
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The Hall coefficient is estimated by measuring the voltage  ^ ( Hall voltage ) 
with and without an applied magnetic field perpendicular to the sample surface. The 
Hall coefficient is then given by :
^Hs- B I
where = Hall voltage with magnetic field applied.
V„o = Hall voltage with no magnetic field applied.
The Hall coefficient is then used to calculate the sheet carrier concentration and 
sheet mobility as follows :
r (2.8)
N  =
Hs
RHs (2.9)
where e = electronic charge
r = the ratio of the Hall mobility p, to the conductivity mobility p - which is 
assumed to be unity
Sheet measurements are combined with chemical etching of the sample to 
measure the variation with depth. Successive sheet measurements are used to 
calculate the volume concentration Ny and the volume mobility p^ for the etched 
region using the following equations :
p^
RHsn R \Hsn +1
(P.)" (p,)L.
/
J _
P^M 'sn + l
(2 .10)
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Nv =
 ^ 1 1 'I (2 .11)
P ^ n  +  1  y
(e-d„^[Ly)
2.5.1 Sample preparation.
The Hall samples were prepared in one of two ways :
i). The encapsulant was removed and electrical contact was made by 
evaporating a gold tin eutectic through a metal mask, followed by alloying at 
400°C for 30secs. The clover leaf shape was then defined using 
photolithography. The sample was then etched in H^SO  ^: H^ O^  : U fl  in ratio 
(1:1:5) to define the mesa areas. After etching the photoresist was removed 
in warm acetone and the sample dried using nitrogen.
ii). The clover leaf shape was defined by sand blasting around a metal mask 
placed on the sample and secured with clear wax on a glass slide. After sand 
blasting, the sample was cleaned in boding toluene, after which the 
encapsulant was removed by dissolution in 40% hydrofluoric acid and the 
sample was finally washed in deionised water. Small dots of tin wire were 
then alloyed onto the clover leaves in a reducing atmoq)here of flowing 
nitrogen at about 300°G for two minutes.
Once the sample was completed it was mounted on a printed circuit board with 
black wax and electrical contact was made using high conductivity silver paint 
from the board tracks to the sample. The linearity of the contacts was checked 
using a standard transistor curve tracer before measurement was attempted.
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2.5.2 Measurement errors.
A number of errors must be considered when Hall effect measurements are 
made.
2.5.2.1 Air semiconductor depletion layer.
In Hall effect measurements it is assumed that a sheet value samples the 
electrical profile from the surface. However, a depletion layer exists at the air 
semiconductor interface. Therefore, a sheet value is actually a measure of the 
electrical profile beyond the depletion layer. When profiling is attempted the 
estimated etch step wül not be an accurate measure of the depth change 
between sheet values unless the depletion depth is accounted for. Furthermore, 
the volume value will also be inaccurate as it depends on the depth estimate. 
Simulation work has been performed to estimate the effect of the depletion 
layer on both sheet measurements and profiling and the results are presented in 
chapters 3&4.
2.5.2.2 Electrical measurement error.
The depth resolution and measurement accuracy are limited by the 
accuracy to which the sheet resistivity and sheet Hall coefficient can be 
estimated. C.P Stewart et al.^ "^^  have calculated that the change in sheet 
resistivity must be >0.9% to keep the scatter in the final results below 10%. 
The depth resolution is therefore directly limited by this requirement. The
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samples profiled in this work are relatively low concentration and changes in 
sheet resistivity of 5-10% after etching are typical and therefore resolution in 
the measured data should not be a serious problem.
2.5.2.S Hall scattering factor.
In all measurements the scattering factor (r) has been assumed to be unity. 
The actual value of the scattering factor depends on the impurity concentration 
and the dominant scattering mechanisms present in the sample. It is, however, a 
non trivial problem to work out the actual value of the scattering factor because 
in many cases several scattering mechanisms may act simultaneously. Stillman 
et al. 2-8 have studied the temperature and magnetic field dependence of the 
scattering factor for a very low epitaxial doping. They find a value of 1.14 at 
room temperature with a magnetic field of 0.5kG. Therefore, the assumption 
that the scattering factor is unity may lead to an error of about 15% by this 
estimate. However, whilst there is clearly an absolute error, the change in the 
value of the scattering factor between the samples used in this study is expected 
to be small. Therefore, the assumption that the scattering factor is unity should 
not lead to large error when profiles of similar concentration are compared.
2.5.2.4 Etch rate calculation.
The etch rate calculation assumes that the etching process is independent 
of the carrier concentration and damage present in the sample. The overall 
etched depth is measured using a Rank,Taylor and Hobson Talystep and the 
etch rate is then calculated knowing the total etching time. The accuracy of the
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step height measurement depends on the etch depth being measured. For most 
cases quoted in this work the etch step was between 1000-5000Â, for which the 
error is no more than 5%.
2.5.2.5 Non-uniform etching.
The uniformity of the etching across the clover leaf is clearly important 
for the etch rate calculation. The specimens examined during this work showed 
varying standard deviations across the four edges of the clover leaves. The 
average standard deviation for the silicon substrates was 5 %, for the selenium 
substrates 6 % and for the sulphur substrates 8 %. The larger value for the 
sulphur substrates reflects the increased etch depth required to profile these 
layers.
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2.6 Capacitance Voltage measurements.
This technique measures the change in capacitance of the depletion layer 
beneath a Schottky barrier on the sample surface, as a function of reverse bias voltage. 
This variation can be used to calculate the free carrier concentration profile existing 
within the sample using the following equations :
N = C
- 1 (2.12)
eA (2.13)
The depth to which a carrier profile can be sampled is limited by the reverse bias 
breakdown of the Schottky barrier. This problem is overcome in the Polaron system 
used in this work, using a method described by Ambridge et al.^ .^ Profiling is 
performed by using an electrolyte to form the Schottky barrier (tiron) which also 
behaves as an etchant when illuminated with light. A profile is obtained up to the 
reverse bias breakdown voltage after which the material is etched and the 
measurement repeated. This process continues until the remaining carriers in the 
sample can be fully depleted before breakdown occurs.
2.6.1 Measurement errors.
The operation of the Polaron system relies on the superposition of two a.c. 
voltages applied to the Schottky barrier. A low frequency voltage acts as a slowly 
varying reverse bias whilst a higher frequency voltage is used to measure the 
capacitance. When the Polaron system is used in the etch configuration a 
capacitance voltage measurement is made to average the carrier concentration after
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each etch. When this type of measurement is made, the magnitudes of the voltages 
used must be kept small so that only the region close to the edge of the zero bias 
depletion layer is sampled. Also, care must be taken to ensure that the positive 
swing of the two a.c. voltages does not send the overall applied voltage on the 
Schottky barrier too far into forward bias since the measurement becomes 
inaccurate if there is any leakage current. This can be achieved by applying a small 
d.c. reverse bias upon which the a.c. bias’ are added.
Further problems can be encountered if the Polaron system is used to 
measure ion implanted profiles using the etch and measure sequence. If the 
voltages used are too large then sensitivity will be lost. This becomes very 
noticeable when there are steep carrier gradients present because the voltage 
required to deplete the active carriers reduces as the carrier concentration falls. 
Consequently, when the tail of an ion implanted profile is measured the depth 
depleted after each etch increases rapidly. This means that the profile is only 
sampled over large depth changes and misleading results can be obtained. 
Simulations on this problem have been performed and are presented in chapter 3. 
This problem has been overcome by using the etching facility until the remaining 
carriers can be depleted without exceeding the breakdown voltage. At this etch 
depth a conventional depletion profile is then used so that the sensitivity required 
can be obtained.
Clearly, the quality of the Schottky barrier obtained has a great bearing on 
the measurement accuracy. Before a measurement is attempted the current voltage 
and capacitance voltage characteristics of the Schottky interface are measured. 
From these curves it is possible to estimate the maximum reverse bias voltage that 
can safely be used before leakage currents invalidate the measurement. Also,
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before a measurement proceeds the current voltage characteristic is measured with 
the electrolyte illuminated. This is done to find a region in reverse bias which wül 
give a "non-defect revealing" etch, that is, a region in reverse bias where the 
current voltage characteristic is flat. Clearly, if the etching bias is incorrectly 
chosen then the measurement will be in error because the etch pit will not be flat, 
resulting in a smoothing of the measured profile.
The inaccuracy introduced by the depletion approximation has been studied 
extensively The equations used in the analysis of the capacitance voltage data 
are derived assuming that the depletion region has abrupt edges. This is equivalent 
to assuming that the Debye screening length is zero at the assumed edge of the 
depletion layer. When the doping profile has large gradients this assumption is no 
longer true and serious errors can result. An estimate of these errors has been made 
and the results are presented in chapter 3 .
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CHAPTER 3
COMPUTER SIMULATION RESULTS.
During this work it became clear that when capacitance voltage and Hall effect 
profiles were made on the same specimen, considerable differences existed. Computer 
simulations have been performed to study the effect of the depletion region on both 
measurements. In the case of Hall effect measurements the depletion region is ignored 
but may have dramatic effects on the resultant profile, whereas the C/V technique relies 
on the existence of the depletion region and it is the assumptions made about its nature 
which may lead to error.
This chapter describes the model that has been used and how it has been applied to 
harmonise the results of the two techniques. Also, as a consequence of the simulation 
procedure, a method for estimating the carrier profile within the depletion region is 
presented.
3.1 The model.
The model is based upon the solution of Poissons equation for the potential in 
the space charge region beneath a Schottky type interface at the surface of a 
semiconductor. The method of solution used was presented by Lubberts and Burkey 
in 1975 where they showed that Poissons equation could be solved by transforming 
into two coupled first order differential equations as.
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—d^  (3.1)
(3.2)
dx e
where E - Electric Field.
(|) - Conduction band potential profile, 
p - Space charge density, 
e - Permittivity of the semiconductor.
The solution to these equations is obtained using the Runge-Kutta method  ^^  
assuming boundary conditions, such that, (})(«>) = 0 and d(j)/dx 0 for large x. The 
simulation begins by assuming a value for the electric field at the surface and the 
conduction band profile is then calculated by integrating equations (3.1) and (3.2). If 
either of the conditions (|)(x) < 0  or d(j)/dx > 0  are found, then the iteration is stopped 
and the initial estimate to the electric field is modified. This procedure continues untü
the boundary conditions are fulfilled. The junction capacitance can then be calculated
from,
_  42 , (33)
where E, - Electric Field at the surface.
4) , - ( v , - v , )
Vy- Built in potential
V^- Applied voltage 
From this value the depletion depth, x, firom the surface can be calculated as,
e (34)
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The above analysis has been performed on carrier profiles which are described 
as, a uniformly doped n-type semiconductor whose surface layer is additionally doped 
with donors.
In this work the buüt in voltage has been assumed to be 0.6V in all cases as 
suggested by Chandra et al.^  ^ .
In order to verify the simulation, it was applied to layers of constant carrier 
concentration and compared with the work of Chandra et al. who had made 
calculations on the same layers using a different method. The results obtained were 
found to be in agreement.
3.2 Capacitance voltage simulation.
The capacitance voltage system used in this work has been described in section 
2.6. One of the possible sources of error associated with this system is the choice of 
the voltages applied to the Schottky barrier. The measurement is made by applying a 
slowly varying reverse bias with a higher frequency voltage used to measure the 
capacitance as shown in figure 3.1. The simulation has been applied to study the 
effects of varying the magnitudes of these applied voltages Vj and V^
When C/V measurements were simulated, four separate applied voltages were 
used as shown in equations 3.5 - 3.8.
Vi V2  (3.5)
V, V2  (3.6)
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^.3 = n - - ^  +
(3.7)
(33)
Surface
Liquid
Schottky
Barrier
V r
Semiconductor
Figure 3.1 Schematic of applied voltages for the Polaron system
These voltages were chosen to enable two estimates of the capacitance to be 
made, one from each pair of applied voltages (V,,,V 2^ The values for the
capacitance correspond to the capacitance of the depletion region with an applied 
voltage of Vy ±(0.5 x V,). An estimate for the carrier concentration is then made from 
the gradient obtained when these capacitance values are plotted as 1 /0  against
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applied voltage. Once a value has been obtained the surface of the carrier distribution 
is redefined to simulate the etching process and the calculation is repeated untü a 
predetermined etch depth is reached.
3.2.1 Gaussian function.
The simulation was applied to Gaussian functions to examine the magnitude 
of the effects when ion implanted samples were measured. Figure 3.2 shows the 
C/V estimate of a Gaussian function with =2000Â , ÔRp=1000Â with a dose of 
1x10^ cm-^with the uniform doping level set to IxlO^^cm .^
When the voltages are large a significant deviation from the input data is 
observed. However, when the same simulation was performed for Gaussians with 
greater concentrations the deviation was considerably smaller.
Further simulations were performed on these functions with the uniform 
doping level set at different concentrations. When this level was set at a level close 
to the taü concentration the C/V estimate tended towards this value producing an 
overestimate in the taü region. Therefore, if the specimen being measured has a 
high background concentration the use of smaU voltages becomes more critical. 
However, the error introduced by using larger voltages is likely to be smaU in 
comparison with the errors introduced by the other factors previously described in 
section 2.6.1, notably the effect of the Debye length.
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Figure 3.2
The effect of applied voltage on the C N  estimate of a Gaussain function.
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3.3 Hall effect simulation.
The Hall effect measurement takes no account of the depletion region formed at 
the air semiconductor interface as discussed previously in section 2.5.2.1. This 
simulation has been designed to study the error introduced by this assumption.
The depletion depth is calculated for an assumed input profile, in much the same 
way as for the C/V simulation. In this case however, only one pair of applied voltages 
is used in the calculation since there are no applied voltages in this case. That is, the 
value obtained is the capacitance of the depletion region due to the buüt in voltage 
alone.
This inaccuracy introduced by ignoring this depletion depth is ülustrated in 
Figure 3.3 and described more fully by the following equations :
<3.9)
N y {H a l l )  =  -
{etch^n+l)-etch^n/)
(3-10)
N yÇ K eal)  =  — — -  x  _
+ d )  -  {etchy,) + ;T („ ) ))
These values are plotted against the following depths :
^h.i; =  0-5 • (etch^„y^^+etch^„) (3-H)
= 0.5 • +  (3-12)
where,
Nv(Hall): Hall estimate to carrier concentration Sheet value after n etches
Nv(Real): Tme carrier concentration Etch depth after n etches
Tme depth ^^ Haiiy Hall estimate to depth
The equations clearly show that when depletion regions are ignored the 
estimates to both the carrier concentration and plotted depth wül be inaccurate. The 
Hall effect measurement also gives estimates to the variation of the mobüity of the
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material. The only correction that is required for the mobility plots is to move the 
values to the corrected depths calculated from equation 3.12. No correction of the 
magnitude of the values is needed because the calculation of the mobility does not 
depend on the depth etched (see equation 2.10).
N
V
Hall Real
etch
etchn+1 n+1
Figure 3.3 Illustration of the error introduced when the depletion 
region is ignored in Hall measurements
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3.3.1 Gaussian function.
The aim of this section of the work was to assess the errors encountered if 
depletion regions were ignored when Hall effect measurements were performed on 
ion implanted profiles. A series of simulations were carried out on Gaussian 
functions to illustrate the errors that would be encountered.
Firstly, the error introduced in the initial sheet value, for a Gaussian with 
Rp = 1000Â and ôRp = 500A with a dose ranging from 1x10'  ^cm-^  to IxlO^ '^ cm-^ - 
has been estimated and the results are shown in table 3.1.
Tme sheet value 
(cm-2)
Depletion depth
(A)
Amount depleted 
(cm")
% Error in sheet 
value
1x10" 1710 3.9x10" 39
1x10" 768 1.1x10" 11
1x10* 313 4.6x10" 5
Table 3.1 Error in sheet measurements for a Gaussian with 
R = 2000Â and ÔR = 1000Âp p
As expected the error for the lowest dose of 1x10'^ cm-^  is large but a significant 
error remains even for the dose of IxlO^ '^  cm-^ . It was found that these errors were 
increased if R^  or 8Rp were reduced so that for R^  = 1000Â and ÔR^  = 500Â with a 
dose of 1x10^ 2 cm-2 the error in the initial sheet value rose to 57%. Therefore, for 
such an implant in which all the atoms become shallow donors. Hall effect
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measurements will record no more than about 43% activity.
The profiles that would be obtained from the Gaussians described are shown 
in figure 3.4. As can be seen for the high dose profiles the error in the peak 
position is relatively small (-100Â). However, as expected the lower dose samples 
are far more severely affected when the depletion regions are ignored. It is seen 
that the concentration at the surface is overestimated where the real profile is rising 
and underestimated in the tail where the real profile is falling. It should also be 
noted that the existence of a depletion region also leads to an artificially abmpt 
measured profile. As the carrier concentration falls the depletion depth increases 
untü a point is reached where the whole of the remaining implanted region is 
depleted causing the abrupt taü shown in the profües.
3.3.2 Comparison with real data.
Süicon implants through 500Â of süicon nitride have been performed at 
240keV to a dose of 6x10" cm". The samples have been annealed at 
850°C/15 minutes and profiled using the Hall and strip technique. The projected 
range algorithm has been used to calculate the Gaussian function which best 
defines the atomic profile of the implant. This resulted in a function with 
Rp =1900Â and ôRp=1190Â. The simulation has been applied to this function and 
the output compared with the experimental data as shown in figure 3.5.
The experimental HaU profile is seen to exhibit the same features as those 
predicted by the simulation. However, although the shape of the experimentally 
determined profile is the same as that of the simulation, the simulation results in an 
underestimate in the surface region and an overestimate in the taü. This could be 
due to a number of factors which have not been taken into account. Firstly, no
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The Hall estimate to Gaussian functions
a - Free Carrier profiles 
b - Simulated Hail profiles
Figure 3.4
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Figure 3.5
Simulated fit for Si implant based on the PRAL prediction for the 
atomic profile.
Simulated fit based on the gaussian function.
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account has been taken of the other errors that affect the Hall data as described in 
section 2.5.2. Secondly, the Gaussian function input into the simulation may well 
be in error. This error is further discussed in the following section.
3.3.3 Polynomial functions.
During the course of this work it was necessary to modify the simulation so 
that polynomial functions could be used to describe profiles of non Gaussian 
shape. This allowed small changes to be made to the input function which in turn 
allowed the profiles measured to be fitted with greater accuracy. Polynomials of 
the form,
N{x) = Ü Q + a ^ x (3.13) 
have been used for powers of x up to five. A polynomial is defined, the simulation 
applied to the function and the resultant Hall estimate based on equations 3.9 and 
3.11 is compared with the measured data. The input polynomial can then be 
modified untü a good fit to the Hall data is obtained.
This process has been performed on the profile discussed in the previous 
section and the result is shown in figure 3.6. Clearly, a much closer fit to the data 
is obtained using this technique. The accuracy of the data becomes clearer when 
one studies figure 3.7 which shows the simulated data (N^(real)) in comparison to a 
capacitance voltage measurement of the same sample. Excellent agreement 
between the profiles is obtained. Finally, in figure 3.8, the input polynomial is 
compared with the corrected HaU data. The point to note from this graph is that the 
polynomial extends beyond the region defined by the corrected Hall data, into the 
depletion regions at the surface and in the taü. If the polynomial input is altered in
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these regions then the fit to the experimental Hall data is degraded. This technique 
therefore, not only corrects the Hall data for depletion effects but also provides an 
estimate of the actual free carrier profile within these depletion regions.
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Figure 3.6
Simulated fit for Si implant based on a polynomial function
- simulated fit based on polynomial function 
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Figure 3.7
Comparison of the simulated profile with a C/V measurement
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CHAPTER 4
EXPERIMENTAL RESULTS
This chapter presents the results from a study of the effects of oxygen implants on 
existing activated n-type implants in gallium arsenide. The reactivation of these n-type 
implants after oxygen implantation has been monitored using the Hall effect and 
capacitance voltage techniques.
This work was started with the intention of using the oxygen implant to selectively 
remove the tail region of the n-type dopant. Previous work by Berth et al.^’ (ref 
chapter 1.2) had shown that the effect of oxygen was dependant on the initial dopant used 
to create the n-type layer. In this work implantation of silicon, selenium and sulphur was 
performed at energies which gave matched profile shapes for each ion. These samples 
were then annealed before the secondary implants of oxygen, to two different doses, were 
made into the taü of the n-type dopant profile. The reactivation of each n-type dopant was 
then monitored after furnace annealing at different temperatures to study the profile 
modification effects of the oxygen implant.
Further work has also been performed on much deeper implants of süicon, where 
the n-type activity surrounds the oxygen implant to clarify the results obtained from the 
matched profile implants.
The correction procedure for the Hall measurements, outlined in chapter 3, has been 
applied to the results presented here. The detaü of the simulation process is not presented 
but the final fits to the measured data and the associated polynomial input is shown for all 
the profiles obtained.
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4.1 Matched profile implants
These ions were implanted at different energies to give approximately the same 
atomic profile shape. The implantation conditions are shown in table 4.1.
Table 4.1 - Implant conditions for the n-type dopants
Ion Dose
cm-2
Energy
keV
Rp
A
SRp
A
Selenium 6x10^ 2 650 2285 979
Sulphur 6x10^ 2 300 2111 913
Süicon 6x10*2 240 2002 929
All these implantations were performed through 500Â of silicon nitride and the 
values for and ÔRp are estimates from the Cascade calculation based on this 
layered structure. It should be noted that a fraction of the implanted ions wül come to 
rest in the nitride overlayer. This number varies only slightly for the ions implanted in 
this study and the actual dosage present in the GaAs is approximately 5.9x10^  ^cm ^ .
4.1.1 Süicon implantation
The süicon implants were performed at Plessey Research Caswell Ltd. where 
this material formed a part of a separate study. The material used in this work had 
already been annealed on an incoherent lamp rapid thermal annealing machine 
over the temperature range 800-950°C for 5 seconds, in the course of the original
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experiments. Furnace annealing at 850°C for 15 minutes was performed in an 
attempt to gain the samedegree of activation from each sample. This was achieved 
and the results are shown in table 4.2.
Table 4.2 - Hall measurements after secondary anneal on silicon implants
Anneal N,
cm-2 cm2/V.s
P.
Q/U
800/5s + 850/15mins 4.3x10*2 4400 325
850/5s + 850/15mins 4.3x10*2 4400 325
900/5s + 850/15mins 4.2x10*2 4450 330
950/5s + 850/15mins 4.1x10*2 4450 330
These samples were profiled using the Hall technique and the results, 
presented in figure 4.1, show that the profiles are essentially identical. In all future 
references to the silicon implanted material the initial rapid thermal anneal has 
been ignored and only the furnace anneal is quoted.
C-V measurements were also performed on the silicon implanted material. A 
comparison of the results obtained from the C-V and Hall techniques has already 
been shown in figure 3.7 which illustrated the excellent agreement obtained from 
the two measurements.
Further annealing was performed on the material to see whether the 
secondary anneal that would have to be performed after the oxygen implantation 
would affect the profile shape. Annealing was carried out in the temperature range
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Figure 4.1
Comparison of uncorrected silicon Hall profiles
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700-850 for 15 minutes and the samples were profiled using the Hall effect 
technique. In all cases there were no significant changes in the sheet values or the 
observed profile.
4.1.2 Selenium and Sulphur implantations
The sulphur and selenium implanted material was annealed at 850°C for 
15 minutes and the sheet values obtained from Hall effect measurements are 
shown in Table 4.3.
Table 4.3 - Hall measurements on selenium and sulphur implants
Implanted Anneal N. Corrected U. P.
ion cm-2 N.
cm-2
cm2/V.s n/[]
Se 850/15mins 4.9x1012 6.1x10» 4100 310
S 850/15mins 3.0x10» 4.2x10» 5300 380
These samples have been profiled using both C-V and Hall effect techniques. 
The profile obtained from HaU effect measurement of the selenium implant is 
shown along with the silicon profile in figure 4.2. Clearly, a very similar profile is 
obtained from both implants with only a slight difference in the peak 
concentration. However, as shown in figure 4.3 the profile from the sulphur 
implant shows diffusion both to the surface and the bulk.
The C-V profiles of the selenium and sulphur implants are compared with
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Figure 4.2
Comparison of selenium and silicon Hall profiles
- Polynomials used for the Hall correction procedure 
<> SI 240keV 6e12cm-2,850/1 SmIns 
+ Be 650keV 6e12cm-2,850/1 Smins
iI
8
0•5Z
s
10
10
10 _10
10
10
0 1000 2000 3000 50004000
</)
i
«
Depth - angstroms
Comparison of selenium and sulphur Hall profiles
Figure 4.3
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those using the corrected Hall effect estimates in figures 4.4 and 4.5, respectively. 
The degree of agreement obtained in the silicon implanted material is not repeated 
for these profiles. This discrepancy is discussed in chapter 5.
Further annealing was performed on the sulphur and selenium implanted 
material to assess the effect of the secondary annealing process. As with the silicon 
implants no changes in the profile shapes were observed after annealing in the 
temperature range 700-850°C for 15 minutes.
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Figure 4.4
Comparison of corrected Hall data and C-V result for the 
selenium implanted material.
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Comparison of corrected Hall data and C-V result for the 
sulphur implanted material.
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4.2 Oxygen implantation into the matched profile material
The oxygen was implanted into the tail of the original n-type doping at 500keV 
to doses of 2x10” and 1x10” cm-^ . The position of the oxygen in relation to the 
original n-type implants is shown in figure 4.6. Annealing was then performed over 
the temperature range 600-850°C for 15 minutes and the samples were measured 
using both Hah effect and C-V methods.
4.2.1 Shicon implants 
Hah effect data
The sheet values obtained from the Hah effect measurements are shown in 
Table 4.4. Profiling of these samples was carried out and the results are presented 
in figures 4.7 and 4.8. The correction procedure was applied to each of the profhes 
and figures 4.9 and 4.10 show the resultant polynomials for the two doses of 
oxygen used. These figures also have symbols which show the range over which 
the actual Hah data should be plotted after correction. The solid line running 
beyond these points represents the estimate of the carrier concentration within the 
depletion region. The corrected mobhity profiles for the two sets of implants are 
shown m figures 4.11 and 4.12.
C-V data
Specimens from both series of samples have been measured using the C-V 
technique and the carrier concentration profhes obtained are shown in figures 4.13 
and 4.14.
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Relative position of the oxygen implant in relation to the 
initial n-type dopant.
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Table 4.4 - Hall effect measurements for silicon and oxygen implanted 
samples.
Identification Anneal 
°C/1 Smins measured 
X10” cm-2
Corrected
value
x l0” cm-2
&
cm2/V.s
P.
Q/[]
Si alone 8S0 4.3 S.3 4370 330
Si + 0  500keV 600 0.3 1240 17S00
2x10” cm-2 700 0.8 1.3 2980 2S00
750 2.3 2.8 41S0 640
800 3.3 3.8 3990 480
825 4.0 4.8 4360 3S0
850 4.6 S.4 4S40 300
Si+ 0  SOOkeV 600 - - - -
1x10” cm-2 6S0 - - - -
700 - - - -
7S0 1.0 1.3 3600 17S0
800 2.3 2.8 3620 760
82S 3.8 4.S 44S0 370
8S0 4.0 4.8 4480 3S0
N.B. The symbol implies that the sample was too resistive to measure on 
the Hall effect apparatus. Where a space has been left it implies that no 
measurement has been performed.
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Figure 4.7
The measured Hall data and the simulations
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The measured Hall data and the simulations
Figure 4.8
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Figure 4.9
Polynomial input and corrected Hall data.
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Figure 4.10
Inactive fraction of the original silicon activity after 
oxygen implantation - Hall effect results
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Figure 4.11
Mobility variation with annealing temperature
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Figure 4.12
Mobility variation with annealing temperature
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Figure 4.13
Reactivation of silicon after oxygen implantation - C-V results
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Figure 4.14
Reactivation of siiicon after oxygen implantation - C-V results
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4.2.2 Selenium implants 
Hall effect data
The sheet values obtained from the Hall effect measurements are shown in 
Table 4.5. Profiling of these samples was carried out and the results are presented 
in figures 4.15 and 4.16. The correction procedure was applied to each of the 
profiles and figures 4.17 and 4.18 show the resultant polynomials for the two 
doses of oxygen used. These figures also have symbols which show the range over 
which the actual Hall data should be plotted after correction. The solid line 
running beyond these points represents the estimate of the carrier concentration 
within the depletion region. The corrected mobility profiles for the two sets of 
implants are shown in figures 4.19 and 4.20.
C-V data
Specimens from both series of samples have been measured using the C-V 
technique and the carrier concentration profiles obtained are shown in figures 4.21 
and 4.22.
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Table 4.5 - Hall effect measurements on selenium and oxygen implanted 
samples.
Identification Anneal
°C/15mins measured
xl0” cm-2
Corrected 
value 
X10” cm-2
K,
cm2/V.s
P.
a /u
Se alone 850 4.9 6.1 4080 310
Se + O 500keV 600 - - - -
2x10” cm-2 650 0.6 0.9 2130 4760
700 1.4 1.8 2900 1580
750 2.9 3.6 3890 550
800 4.1 4.9 4270 360
850 4.8 5.9 3900 330
Se + 0  500keV 600 - - - -
1x10” cm-2 650 - - - -
700 - - - -
750 2.1 2.5 3710 790
800 3.8 4.7 4200 390
850 4.8 5.8 4430 290
N.B. The symbol implies that the sample was too resistive to measure on the 
Hall effect apparatus.
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Figure 4.15
The measured Hall data and the simulations.
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Figure 4.16
The measured Hall data and the simulations.
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Figure 4.17
The input polynomials and the corrected Hall data.
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Figure 4.18
The Input polynomials and the corrected Hall data.
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Figure 4.19
Mobility variation with annealing temperature.
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Figure 4.20
Mobility variation with annealing temperature
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Figure 4.21
Reactivation of selenium after oxygen implantation - C-V results
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Figure 4.22
Reactivation of selenium after oxygen implantation - C-V results
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4.2.3 Sulphur implants 
Hall effect data
The sheet values obtained from the Hall effect measurements are shown in 
Table 4.6. Profiling of these samples was carried out and the results are presented 
in figures 4.23 and 4.24. Some difficulties were encountered during the profiling 
procedure. The profiles for the lower dose of oxygen annealed at 800°C and the 
higher dose annealed at 750°C are not shown because there were problems 
associated with the contacts as the etching proceeded. Unfortunately, there was no 
extra material available to repeat these measurements. The correction procedure 
was applied to the successful profiles and figures 4.25 and 4.26 show the resultant 
polynomials for the two doses of oxygen used. The corrected mobility profiles are 
shown in figures 4.27 and 4.28.
C-V data
Specimens from both series of samples have been measured using the C-V 
technique and the carrier concentration profiles obtained are shown in figures 4.29 
and 4.30.
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Table 4.6 - Hall effect measurements on sulphur and oxygen implanted 
samples.
Identification Anneal 
°C/1 Smins measured 
X10" cm-2
Corrected 
value 
X10" cm-2
cm2/V.s
P.
Q/U
S alone 8S0 3.0 4.2 S370 384
S + 0  SOOkeV 600 - - - -
2x10" cm-2 6S0 o.os 1000 121000
700 0.6 1.2 3630 2820
7S0 1.7 2.S 4780 750
800 2.2 SOlO 560
8S0 3.0 4.1 S440 380
S + O SOOkeV 600 - - - -
1x10" cm-2 6S0 - - - -
700 - - - -
7S0 1.4 4SS0 9S0
800 1.9 3.0 4670 680
8S0 2.8 4.0 S260 420
N.B. The symbol implies that the sample was too resistive to measure on the 
Hall effect apparatus. Where a space has been left it implies that no measurement 
has been performed.
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Figure 4.23
The measured Hall data and the simulations
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The measured Hall data and the simulations
Figure 4.24
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The input polynomials and the corrected Hall data
Figure 4.25
+ 8 SOOkeV 6e12cm-2,850/1Smins
V 8 SOOkeV 6e12cm-2,850/1 Smins, O SOOkeV 2e11cm-2, 700/1 Smins
D 8 SOOkeV 6e12cm-2,8S0/1 Smins, O SOOkeV 2e11cm-2, 7S0/1 Smins
X 8 SOOkeV 6e12cm-2,8S0/1 Smins, O SOOkeV 2e11cm-2, 8S0/1 Smins
co
c5
§
8
_Q)
(0
Ü
0 2000 4000 6000 8000 10000
Depth - angstroms
Figure 4.26
The input polynomials and the corrected Hall data
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Figure 4.27
Mobility variation with annealing temperature
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Mobility variation with annealing temperature
Figure 4.28
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Figure 4.29
Reactivation of sulphur Implants after oxygen Implantation - C-V results
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Figure 4.30
Reactivation of sulphur implants after oxygen implantation - C-V results
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4.3 Deep silicon implants
During the work on the matched implants it became clear that compensation of 
the tail occurred at certain temperatures. However, it was not possible to decide 
whether this was due to the presence of the oxygen atoms or the nuclear damage 
introduced during the implantation, because the profiles did not extend far enough 
into the material. Consequently, higher energy multiple silicon implants were used to 
create n-type doping which extended to surround the oxygen implant. It was hoped 
that the results obtained from this series of samples would clarify the results obtained 
from the matched profile implantation.
4.3.1 Silicon implantation
A double implant of silicon was performed at energies of IMeV and 400keV 
to doses of 1.3x10^  ^ and 8.4x10^  ^cm-^  respectively, to give a flat doping profile at 
about 2x10*^  cm-3. The relative positions of the silicon and oxygen implants, based 
on PRAL predictions, are shown in figure 4.31. These implants were based on the 
work of Gwüliam et al.*^  from which an anneal temperature of 900°C for 
15 minutes was chosen. The C-V technique was used to monitor the activation of 
the implants and the values measured are plotted in figures 4.32 & 4.33 which also 
show the reactivation after the oxygen implantations. The actual carrier profile 
obtained after annealing at 900°C did not produce the desired level of activity but 
gave a lower value of around l.SxlO^’cm-^ .
4.3.2 Oxygen implantation
The same oxygen implants that were used for the matched profile experiment 
were also used in this case. The samples were annealed in the temperature range
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650-850°C for 15 minutes and C-V measurements were used to monitor the 
reactivation. The values obtained from the two oxygen doses are plotted in 
figures 4.32 and 4.33.
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The position of an oxygen implant at SOOkeV in relation 
to the silicon implants at 400keV and 1MeV.
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Reactivation of silicon after oxygen implantation
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Figure 4.33
Reactivation of siiicon implants after oxygen implantation
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CHAPTER 5
DISCUSSION
In this chapter the results shown in chapters 3 & 4 are drawn together to assess the 
accuracy of the Hall correction procedure by comparing the output with C-V estimates of 
the same profiles. This assessment is then applied to the discussion of the differing 
effects of oxygen on the n-type implanted layers.
5.1 The validity of the Hall correction procedure.
Hall and C-V measurements have been made on all the matched profile implants 
and the corrected Hall data has been compared with the C-V estimates with varying 
degrees of agreement for the different ions used. In this section the results obtained 
for each ion are examined individually to provide an overall picture of the validity of 
the correction procedure.
5.1.1 Silicon implants.
Excellent agreement between the C-V estimate and the corrected Hall data 
has been obtained from the silicon implanted material. Similar comparative 
measurements have been made after the oxygen implantation and these results 
show again that much closer agreement is always obtained after the correction 
procedure has been applied, but the quality of agreement observed for the single
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implant of silicon is not always repeated.
Figures 5.1 &5.2 show the corrected Hall profiles in comparison to the C-V 
data. The most obvious discrepancy between the two methods is the zero bias 
depletion depth estimate, where the corrected Hall data always starts at a shallower 
depth than the C-V data. The explanation of this fact would appear to arise from a 
change in the built in voltage before and after etching. In all the C-V data 
presented in this work the initial point, measured prior to etching the sample 
surface, has been ignored. This is because the next point, obtained after etching, 
always showed a large reduction in the depletion layer width, and often when this 
was added to the etch step, the overall depth was less than the initial estimate to 
the depletion layer width (prior to etching). In reality this situation could not arise 
unless the built in voltage had changed after etching. This seems possible since the 
barrier height is known to vary with surface contamination, intervening insulating 
layers or deep impurity levels  ^% If the effect is a function of surface 
contamination then during etching it would be removed and the new surface might 
be expected to maintain the same built in voltage for the remainder of the profile. 
The agreement obtained between the two measurements after the initial points 
would indicate that this is indeed the case.
The effect of the change in built in voltage is also observed in the Hall effect 
measurement of the first point. Once again the initial point of the raw Hall data is 
ignored during the correction procedure because it rarely follows the trend of the 
remainder of the profile. This would appear to be for the same reasons outlined for 
the C-V data. However, the effect of this error on the correction procedure should 
only be minor because the remainder of the points normally follow a consistent
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Figure 5.1
Comparison of C-V and corrected Hall dâta for silicon implants
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Figure 5.2
Comparison of C-V and corrected Hall data for silicon implants
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trend. An error in the etch rate may be introduced though, if the etch rate for the 
first point is affected by surface contamination. Again this should only lead to a 
small error because the overall etch rate is usually averaged over 10-15 etch steps.
Apart from the zero bias depletion difference, similar profiles are obtained in 
most cases except for the 2x10» cm-^  oxygen implanted sample annealed at 
800/15mins. (Figure 5.1) where the two profiles are rather different. The 
remainder of the C-V profiles reach lxlO^« cm-^  at or before 4000Â whereas this 
profile reaches IxlO^ ® cm^ at 5000Â. The profile is also flattened in the region 
between 2000-3500Â when compared to the other C-V profiles (see Figure 4.13). 
This behaviour is consistent with there being an error in the area measurement of 
the electrolyte contact on the C-V apparatus, perhaps caused by hydrogen bubble 
formation during the etching process. It can also be seen that the corrected Hall 
data is consistent with the other Hall profiles (Figure 4.9). These observations 
taken together suggest that the C-V profile may well be in error leading to the poor 
comparison with the corrected HaU data.
The data obtained from the 1x10» cm-^  oxygen implanted sample annealed at 
800/15mins. (Figure 5.2) provides an interesting comparison. The data shows good 
agreement up to 3000Â but a divergence after this with the C-V measurement 
showing an increased carrier concentration estimate over the corrected Hall data 
which shows a very rapid decrease. As mentioned in section 2.6 the C-V analysis 
is fundamentally limited by the abrupt junction approximation. If it is assumed that 
the real carrier profile is as predicted by the corrected Hall profile then the C-V 
data would appear to be in error. It is generally accepted that the C-V data can only 
be accurate to within at best a Debye length but more likely two. The Debye length
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at 3xl0>«cm-3 is approximately 200Â and the two profiles are 350Â apart at this 
concentration. Therefore, the difference seen between the two profiles may be due 
to the limitation of the C-V technique.
The comparison between the corrected Hall and the C-V data for the silicon 
implanted material suggests that assuming the measurements proceed as expected 
excellent agreement can be obtained.
5.1.2 Selenium implants.
The agreement obtained from the silicon implants is not repeated in the 
measurements made on the selenium implanted material. In all cases the C-V data 
is shifted to greater depths than the corrected Hall estimate as shown in 
Figures 5.3 &5.4. This difference cannot be accounted for by a change in the built 
in voltage after etching (as for the silicon implants) since the remaining points are 
also shifted. It should be noted that the Hall data from the selenium implanted 
material, whilst being slightly deeper than the profiles obtained from the silicon 
implants, did not show the shift observed here (Figure 4.2). Likewise the corrected 
Hall profiles obtained from the selenium implants after oxygen implantation do 
not show the shifts observed in the C-V data. This leads to the possibility that the 
C-V data may be affected by the use of selenium to create the n-type layer. 
Figure 5.5 shows the disorder profiles calculated using SUSPRE for the silicon, 
selenium, sulphur and oxygen implants used in the matched profile experiment. 
The most striking feature of this graph is the fact that the selenium implant 
introduces about 4.5 times more disorder than any of the other implants. It is well 
known that deep levels in semiconductors can influence the capacitance 
measurement of the depletion region when the applied voltage is at low
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Figure 5.3
Comparison of C-V and corrected Hall data for selenium implants
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Figure 5.4
Comparison of C-V and corrected Hall data for selenium implants
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Figure 5.5
SUSPRE prediction for disorder profiles.
 ^ Se650keV6e12cm-2 
+ 8 SOOkeV 6e12cm-2
X Si 240keV6e12cm-2 
A 0  SOOkeV 1e13cm-2
7 .5
0
"2
.iQ
2 .5  “
100006 0 0 0 800040002000
Depth - angstroms
frequency5-3. Therefore, it may be that residual deep levels which were introduced 
as a result of the selenium implant have introduced the error observed in the C-V 
data. These levels would not affect the corrected Hall data as this data does not 
rely on the estimate of the capacitance.
Another possible source of error is the temperature measurement since the 
annealing of the C-V samples was performed on a different day to the Hall 
samples. This seems an unlikely reason to explain the observed differences 
because the thermocouple used in the furnace has been calibrated and found to 
have an uncertainty of about 2%.
The C-V data shows a similar trend to the Hall data but it is shifted to greater 
depths. Therefore, in subsequent discussion of the comparisons between the silicon 
and selenium data the corrected Hall data wül be used as the main guide but 
reference wül also be made to the C-V data.
5.1.3 Sulphur implants.
Clearly the sulphur has diffused during the implant such that direct 
comparison between this and the süicon and selenium implants is not possible. 
The diffusion also leads to increased difficulty in making Hall measurements as 
the etch depth required to profile the layer is greater. This increases the error 
introduced by uneven etching as described in section 2.5.2.
Figure 5.6 shows the corrected Hall profües in comparison with the C-V 
estimates. In these profiles the C-V technique produces increased estimates of the 
carrier concentration. The error introduced by the temperature measurement is 
unlikely to cause the differences observed as previously discussed for the selenium 
implants. One possible explanation of the differences observed is that the 
increased etch depth required to perform the Hall profüe, coupled with the
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relatively low carrier concentration and hence high sheet resistivity, results in a 
larger uncertainty in the depth estimate which in turn leads to a degraded carrier 
concentration estimate. For the 2x10" 0+ cm-^  samples the Hall data gives a 
reduced estimate of the carrier concentration and an increased etch depth. 
Therefore, if the actual etch depth was reduced the corrected Hall estimates would 
be much closer to the C-V measurements. The other two profiles do not show the 
same behaviour suggesting that the differences may not be due simply to the error 
in the etch depth.
5.1.4 Summary.
Whilst the comparison of the C-V and corrected Hall estimates does not 
always lead to the same profile the corrected Hall profiles are always an improved 
estimate to the real profile when compared to the uncorrected Hall data. If the Hall 
data remains uncorrected then both profile and sheet measurements will be 
inaccurate and these errors will increase as the carrier concentration measured is 
reduced.
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5.2 The comparison of the matched profile implants.
As mentioned in section 5.1.3 the profiles resulting from the sulphur 
implantation showed diffusion to the surface and the bulk. The original aim of the 
experiment was to match the profiles for the three dopant species. The diffusion of the 
sulphur means that direct comparison of the same relative concentration of n-type 
dopant to oxygen can only be made for the silicon and selenium implants. These 
profiles are discussed first and the effects of the oxygen are then compared with the 
sulphur profiles in a later section.
5.2.1 Silicon implants - the effect of oxygen dose,
i). Corrected Hall data
The first obvious point to note is that measurable activity was obtained after 
annealing the 2xl0”cm-2 (low dose) oxygen implanted material at 600°C whilst 
measurable activity was not found for the IxlO^ c^m-^  (high dose) oxygen implanted 
material until a temperature of 750°C (ref. table 4.4). This increased compensation 
due to the higher dose of oxygen is expected because of the increase in 
implantation damage and oxygen concentration.
The profiles obtained after the correction procedure was applied to the 
measured data are shown in figures 4.9 & 4.10. Figures 5.7 & 5.8 show the 
inactive fraction and the total number of carriers removed from the original silicon 
activity after oxygen implantation and annealing. The curves show that the 
compensation observed in the sheet measurements is separated into two regions :
a. The surface, where greater compensation is retained for the higher dose of 
oxygen.
b. The tail region, where the comparison between the high and low dose oxygen 
implants is inconsistent.
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The surface compensation could be due to the implantation process itself, i.e. 
the damage/disorder introduced, rather than the presence of the oxygen atom. 
Figure 5.9 shows the SUSPRE -^  ^ predictions for the disorder and the electronic 
energy deposited by the oxygen implant. It should be noted that these profiles are 
for the as implanted material and not for material which has been annealed. 
However, it seems reasonable to suggest that the shapes, but not the magnitudes, 
of the profiles would be retained after annealing. The compensation observed, 
which falls from high to low, has the same shape as the electronic energy 
deposited by the oxygen implantation. The nuclear disorder introduced by the
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Figure 5.7 The inactivity introduced by the low dose oxygen implant into
the silicon implants.
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implant does not have the required shape when compared to the compensation 
observed and likewise for the oxygen ion distribution (compare with figure 4.6). 
This, of course, assumes that no significant redistribution of the implanted oxygen 
has occurred during the annealing process.
The electronic energy deposited is a measure of the energy lost by the 
incoming particle, and recoils created by that particle, with electrons in the host 
material. If this process is the cause of the compensation seen at the surface then 
the results indicate that high temperature annealing is required before the 
electronic stmcture of the material is recovered. There may also be a contribution
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Figure 5.8 The inactivity introduced by the high dose oxygen implant into 
the silicon implants.
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Figure 5.9
Nuclear and Electronic energy loss from SUSPRE.
V Electronic energy loss profile for SOOkeV O Into GaAs. 
0 Nuclear energy loss profile for SOOkeV O Into GaAs.
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to the surface compensation from recoil implantation of the silicon nitride 
encapsulant. The work of Gwüliam et al.^  ^has shown that the silicon recoils do not 
become electrically active but they may affect the reactivation of the original 
silicon implant. Eirug Davies et al. as mentioned in section 1.3, have shown that 
nitrogen acts as a compensating ion and therefore it might be expected to 
contribute to the surface compensation. However, TRIM  ^® calculations show that 
the recoils wül only penetrate to about 100Â. Therefore, because the surface 
compensation extends over a much greater depth this mechanism is not expected 
to be dominant beyond about 100Â.
When the profiles are examined in the tail region a number of inconsistencies 
exist. Firstly, the profile for the lower dose annealed at 750°C does not seem to 
follow the same trend as the remainder of the profiles. Secondly, the profile for the 
higher dose annealed at 750°C shows no taü compensation whilst all the other 
samples do. Thirdly, the profile for the higher dose annealed at 850°C shows a 
decreased activity in comparison to an anneal at 800°C in contrast to samples 
annealed at the same temperatures for the lower dose.
However, after taking these observations into account, the overall trend of 
the data suggests that strong compensation exists in the taü and surface regions 
and the magnitude of these mechanisms is increased as the dose of oxygen is 
raised.
The mobüity profües shown in figures 4.11 & 4.12 show that the mobüity of 
the layers is degraded in the surface region after the oxygen implantation if the 
annealing is performed at low temperatures. This is to be expected since the 
damage introduced as a result of the implantation has not been annealed. The 
mobüity is further reduced in the taü area for all profiles except the low oxygen
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dose annealed at 850°C. This indicates that an increasing number of scattering 
centres remain in the samples in the region of greatest nuclear disorder and oxygen 
ion concentration.
Taken as a whole the effect of increasing the oxygen dose would appear to be 
to increase both the surface and tail compensating mechanisms. From this data it is 
not clear whether the taü compensation is due to the presence of the oxygen atoms, 
in complex or other form, or to the nuclear disorder introduced by the implantation
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Figure 5.10 The inactive fraction of the original süicon activity after the
low dose oxygen implantation - C-V results.
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process, since both distributions have the shape required to explain the 
compensation observed. Deeper silicon implants have been performed, as 
described in section 4.3, in an attempt to isolate the mechanism responsible for the 
compensation and these results wül be discussed in a later section,
ii). C-V data
The inactive fraction of the original süicon activity as measured by the C-V 
technique has been plotted in figures 5.10 & 5.11 (the C-V curves were shown in 
figures 4.13 & 4.14). The first point to note from these plots is that the curves 
begin at the zero bias depletion edge for each oxygen implanted sample. This 
iUuminates the extra information gained from the Hall correction procedure which 
gives an estimate to the ionised impurity profile that would exist if there were no 
depletion region. As expected, from the close comparison of corrected Hall and 
C-V data, the inactive fraction profües show simüar trends.
Figure 5.11 shows the data obtained from the samples implanted with the 
high dose of oxygen. These profiles show that the taü region is becoming more 
abrupt as the annealing temperature is raised from 750-800°C. If these profiles are 
compared to the Hall estimates, in figure 5.8, a simüar trend is observed. In 
section 5.2.1, when the Hall profiles were discussed, the profile for the 750°C 
anneal could not be explained. However, taking the Hall profiles in conjunction 
with the C-V data suggests that there may be a compensating process whose 
influence increases over this temperature range. This idea would seem to fit a 
compensation process in the taü region which is due to both nuclear disorder and a 
mechanism which requires the presence of the oxygen atom. Favennec 
suggested a simüar model for the compensation due to oxygen when he suggested 
that as the annealing temperature increased above 600°C the contribution of
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defects was removed leaving compensation entirely due a mechanism related to 
the oxygen atoms. The results presented here suggest that the defect contribution is 
not completely removed after annealing at 600°C but that the effects related to the 
oxygen are similar. This comparison with Favennec’s work is discussed in more 
detail in section 5.5.
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Figure 5.11 The inactive fraction of the original silicon activity after the high 
dose oxygen implantation - C-V results.
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5.2.2 Selenium implants - the effect of oxygen dose,
i). Corrected Hall data
Measurable activity is obtained from samples annealed at 650°C for the low 
dose and 750°C for the high dose oxygen implants (ref. table 4.5). This pattern is 
the same as observed for the silicon implants.
The profiles obtained after the correction procedure was applied to the raw 
data are shown in figures 4.17 & 4.18. Figures 5.12 & 5.13 show the inactive 
fraction and the total number of carriers removed from the original selenium 
activity after oxygen implantation and annealing. The results show a similar
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Figure 5.12 The inactivity introduced by the low dose oxygen implant into
the selenium implants.
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format to the silicon profiles in that the compensation is separated into two distinct 
regions at the surface and in the tail.
Only a limited amount of information on the effect of the oxygen dose is 
available from these results, but, if the profiles obtained after annealing at 750°C 
are compared then the surface and taü mechanisms would appear to scale with 
dose. However, the profües obtained after annealing at 800°C are very simüar for 
the two doses used with surface compensation remaining but the taü compensation 
has been removed. These observations suggest that mechanisms simüar to those 
discussed for the süicon implants are responsible for the compensation observed
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Figure 5.13 The inactivity introduced by the high dose oxygen implant
into the selenium implants.
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in these results. However, the fact that the tail compensation is removed after 
annealing at 800°C suggests that the annealing rate of the mechanisms may be 
different.
The mobility profiles shown in figures 4.19 & 20 show an almost identical 
trend and magnitude as the silicon implants,
ii) C-V data
As mentioned in section 5.1.2 the C-V data is shifted to greater depths in 
comparison to the Hall data. However, the shapes of the inactive fraction of the
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Figure 5.14 The inactive fraction of the original selenium activity after the low
dose oxygen implantation - C-V results.
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original selenium activity are useful for comparison and are plotted in 
figures 5.14 & 5.15. One difference between the figures is the rate of change of the 
inactive fraction observed for the higher dose samples. The curves show 
decreasing compensation up to about 4000Â followed by an increase, which for 
the 750°C curve is very rapid. Overall these profiles show the same trends as the 
corrected Hall data.
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Figure 5.15 The inactive fraction of the original selenium activity after the high
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60 Discussion
5.2.3 Comparison of the effects of oxygen on silicon and selenium.
Tables 4.4 & 4.5 show the sheet values obtained from Hall measurements 
after oxygen implantation and annealing. These values have been used to calculate 
the percentage of the original activity recovered after each anneal and the results 
are shown in Table 5.1.
Table 5.1 Percentage of the original activity recovered after oxygen 
implantation and annealing.
Percentage of the original 
activity recovered
Implantation Anneal °C Selenium Silicon
2xl0”cm-2 500keV O 700 29 24
750 59 54
800 80 73
850 103 101
lxlO^^ cm-2 500keV O 750 42 24
800 76 53
850 95 91
For the samples implanted with the lower dose of oxygen, the silicon 
implants show greater compensation than the selenium for annealing below 850°C. 
Samples annealed at 850°C show that the original activity has been regained. The 
same pattern is seen for the higher dose of oxygen but the compensating effect is 
more pronounced at the lower temperatures and the original activity is not 
completely regained after annealing at 850°C.
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The relative contribution of the surface and tail compensating mechanisms 
has been calculated by separating the profiles into regions either side of 2500Â. 
The values are shown in Table 5.2 and the procedure adopted for these 
calculations is illustrated below. The column headed 'Surface(0-2500Â)* is the 
number of inactive carriers expressed as a percentage of the original carrier 
activity (i.e. al/[al+a2]). The column headed ’Surface(Total)’ is the surface 
compensation as a percentage of the total compensation measured 
(i.e. al/[al+a3]). The same definitions apply to the values for the taü region except 
the depth range is 2500Â-end.
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Illustration of the calculations used in Table 5.2
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Table 5.2 Relative contributions of surface and taü compensation 
mechanisms.
Surface Tail
Ion Oxygen 
Dose cm%
Temperature
°C
0-2500Â
%
Total
%
2500Â-end
%
Total
%
Si 2x10» 700 75 76 77 24
750 48 80 39 20
800 28 80 24 20
825 8 73 10 27
1x10» 750 87 88 39 12
800 48 78 46 22
825 16 84 11 16
850 4 43 20 57
Se 2x10» 650 84 73 87 27
700 73 76 65 24
750 38 68 48 32
800 21 75 19 25
1x10» 750
800
850
63
24
6
79
73
90
46
24
2
21
27
10
The first point to note is that the surface compensation contributes -75% to 
the overaU compensation observed, for aU temperatures below 850°C. It is 
interesting to note that these values remain essentiaUy constant for all annealing 
cycles which suggests that the compensation is being removed at the same rate in 
both regions. This observation fits aU the data except the high dose oxygen implant 
into the süicon implants. As previously described (section 5.2.1 ii) the C-V data 
for the high oxygen dose (see figure 5.11) shows that the taü compensation 
increases in the temperature range 750-800°C. This agrees with the data shown in 
Table 5.2 and thus points to oxygen behaving differently if süicon is used as the 
n-type dopant rather than selenium.
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Further to this, the changes observed in Table 5,1 as a function of n-type 
dopant species used are reflected in both the surface and taü compensation figures 
shown in Table 5.2. In the majority of cases the compensation observed for the 
süicon implants is stronger than that for the selenium implants.
When the inactive fraction profiles for these samples are examined, 
(figures 5.7,5.8 & 5.12,5.13) the compensation in the surface region is in aU cases 
more pronounced for the süicon implants than the selenium. The data in the taü 
region also shows the same trend although more discrepancies exist. However, the 
profiles firom samples annealed at 800°C show that the surface and taü 
compensation is dramaticaUy reduced for the selenium implants compared to those 
of süicon.
Taking these results in conjunction with the C-V data, notably figure 5.11, 
suggests that the compensating effects of oxygen remain at higher temperatures if 
the n-type dopant is süicon rather than selenium. This observation is in agreement 
with the work of Berth et al.  ^* who found the same dependence. However, they 
suggested that the dominant compensating mechanism was due to the oxygen atom 
itself, a conclusion which does not fit with the data presented in this work. The 
work of Berth et al. is discussed in more detaü in section 5.5.
5.2.4 Sulphur implants
Up to this point in the discussion the weight of evidence has been placed 
largely upon the HaU effect data. However, for the sulphur implants, a clearer and 
more reliable set of results exists from the C-V data obtained. As discussed in 
section 5.1.3 the HaU data is likely to be an inferior estimate to the carrier profiles
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mainly because of the increased etch depth and the reduced carrier concentration. 
As such, in this section of the discussion the main arguments for the behaviour of 
oxygen will be drawn from the C-V data.
The C-V data obtained from the sulphur implants after oxygen implantation 
and annealing are shown in figures 4.29 & 4.30. As with the other implants these 
curves have been used to calculate the inactive carriers after oxygen implantation 
and annealing and these profiles are shown in figures 5.16 & 5.17.
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Figure 5.16 The inactive carriers after the low dose oxygen implant into the 
sulphur implants.
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The surface compensation does not appear to scale with dose. If the profiles 
for the low and high dose are compared at 750 and 800°C the surface 
compensation is greater in the low dose specimens. However, in contrast to this 
the zero bias depletion depths (ref figures 4.29 & 4.30) are greater for the higher 
dose samples indicating greater compensation within the depletion region. It is not 
clear why this discrepancy should exist, especially when the raw data seems to 
show consistent trends within each set of data.
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Figure 5.17 The inactive carriers after the high dose oxygen implant into the
sulphur implants.
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Setting aside this problem the taü region of the profües indicates that a 
compensating mechanism requiring the presence of the oxygen atom is active. As 
with the süicon implants the carrier profüe becomes more abrupt in the 
temperature range 750-800°C for the higher dose of oxygen. If one studies 
figure 5.17 the carriers removed show the same shape and position as the expected 
atomic profile for the oxygen implant. However, this observation relies on the C-V 
measurement being accurate in a region where the carrier concentration is low and 
falling, the situation likely to cause the greatest error in the measurement (see 
section 2.6).
Unfortunately, the HaU measurements do not provide any help in 
understanding the discrepancies observed in the C-V data. The HaU data has only 
been taken at a few temperatures and the consistency of the measurement has been 
questioned previously. Therefore, it would seem that whUst indications of 
compensation due to the oxygen atom have been found in the C-V data, the errors 
associated with the measurements preclude any firm conclusions being made about 
the surface or taü mechanisms.
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5.3 Deep silicon implants
Deep silicon implants were used to surround the region into which the oxygen 
was to be implanted to investigate the behaviour of the oxygen at depths beyond 
4000Â. The results of C-V measurements on the reactivation of the silicon implants 
after the oxygen implantation are shown in figures 4.32 & 4.33. These profiles have 
been used to calculate the number of carriers removed from the original n-type 
activity and these curves are shown in figures 5.18 & 5.19. The curves have been 
plotted in two formats, firstly on a log scale for ease of comparison with the single
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Figure 5.18 The inactivity introduced by the low dose oxygen implants into
the deep süicon implants.
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implant data and secondly on a linear scale as this shows the compensating effects 
more clearly.
The overall compensation can be split into three regions;
1. Disorder related compensation which extends from the zero bias depletion depth 
into the the region of the oxygen related compensation. The peak of this 
compensation is at the same depth as the peak in the electrical activity which is 
associated with the lower energy silicon implant. This also coincides with 
expected peak of the nuclear damage profile (figure 5.9).
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Figure 5.19 The inactivity introduced by the high dose oxygen implant into
the deep silicon implants.
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2. Additional oxygen related compensation between 5000-8000Â. This 
compensation would appear to be removed after annealing at 800°C leaving 
residual damage related compensation. The profile obtained after annealing at 
750°C clearly shows the oxygen related compensation above the background 
damage related mechanisms. If the background level is taken to be about 
6xl0'^cm-3 then the number of carriers removed at the peak of the oxygen 
distribution (-6400Â) is -1.4xl0^^cm ^  If this value is compared to the peak value 
of the low dose oxygen implant, in figure 4.31 then a removal ratio of 
approximately two carriers per oxygen atom can be estimated. This observation is 
in agreement with that of Favennec who suggested that oxygen behaves as a deep 
double electron trap ^
3. A region of compensation between 7000-12000Â which coincides with the 
atomic profile of the higher energy silicon implant used in creating the original 
n-type doping. This compensation remains even after annealing at 850°C.
The profiles also show compensation existing beyond 12000Â. In this region the 
etch depth is large so the etch crater is more likely to be non uniform, the 
concentration of active carriers is low and the rate of decrease of active carriers is 
rising. These factors suggest that the values in this region are likely to be unreliable.
The profiles for the higher dose, shown in figure 5.19 do not show consistent 
trends, even though some of the same features are apparent. The peak associated with 
oxygen is present again, for low annealing temperatures, but the overall effects have 
not scaled with the increased dose. The results are inconsistent and consequently the 
comparison of the double silicon implants with the single ones wül be drawn in the 
main from the lower dose curves.
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5.3.1 Comparison with single silicon implant
The first obvious point to note when comparing the deep silicon implants 
with the single one is the difference in zero bias depletion depth. For the single 
implant this is -1000Â but for the double implant it is -1800Â. This indicates that 
the carrier concentration profile at the surface is significantly lower for the double 
implant. Likewise the double silicon implant does not reach the peak level 
(~2xl0 '^ c^m-3 see figure 4.13) of the single implant but gives a fairly flat region at 
-1.5xlQi7cm-3 (see figure 4.33), a reduction of 25%.
In the discussion of the high dose oxygen implant into the silicon implants 
(see section 5.2.1 ii) it was suggested that the increasing abruptness of the taü 
might be due to an oxygen related compensation process. The results obtained 
from the deep süicon implants show that there is a mechanism directly related to 
the presence of the oxygen atom (2xlO"cm-^ samples), but because the high 
oxygen dose results do not show consistent trends no direct comparison can be 
made. However, the other regions of compensation observed in the deep süicon 
implants do point to some other possible explanations of the data. Simplistically, 
there would appear to be three ways to explain the observed results for the double 
süicon implants :
1. Christel and Gibbons have calculated the stoichiometric disturbance that 
would be created by implantation of boron, selenium and süicon in GaAs. 
They showed that in each case there was a region which was arsenic rich 
(gaUium deficient) centred at the projected range of the implant, bounded by 
two regions which were gallium rich (arsenic deficient) at the surface and the 
taü of the implanted region. If these regions exist in this case, after the 
oxygen implantation, then this could explain the observed results. In a region
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which is gallium rich one would expect the silicon activation on the gallium 
site to be inhibited. Further to this if the region is gallium rich the amphoteric 
nature of the silicon atom in GaAs may give doping on the arsenic site, 
leading to self compensation.
Pearton et al. also point out that the formation of arsenic vacancies will 
compensate donors in n-type material. This means that in regions of gallium 
excess not only will the silicon atoms be inhibited from activating on the 
gallium site but the presence of arsenic vacancies will in itself compensate 
those atoms which are activated.
The observed result shows tentative agreement with this argument although 
the exact positions of the non-stoichiometric regions are not known.
2. The unannealed disorder from the implantations of silicon and oxygen have 
redistributed to the peaks of the silicon atomic distribution. This would result 
in disorder related compensation around the silicon atomic distributions, with 
additional oxygen related compensation in between.
3. The first peak seen in the inactive carrier profiles is consistent with the 
nuclear disorder profile for the oxygen implant (c.f. figure 5.9). Therefore, 
residual nuclear damage accounts for the surface compensation and the 
deeper compensation is a result of a phenomena such as described in 1 or 2.
The compensation may in fact be a combination of these possibilities, but the 
effects of oxygen are different for the silicon and selenium implants. This 
difference is discussed in the next section.
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5.3.2 Comparison of silicon and selenium
It has been shown in this work and in the work of Berth et al.^  * that the effect 
of oxygen is dependant on the initial n-type dopant species. Specifically, silicon 
implants have been found to retain compensation at higher temperatures than 
selenium implants. This may add weight to the idea of stoichiometric disturbance 
being involved in the compensation introduced by oxygen.
In the matched profile experiment the oxygen implant is much deeper than 
the original n-type dopant. Therefore, the stoichiometric imbalance introduced 
may be spread beyond the n-type doping. Christel and Gibbons’ results suggest 
therefore that there may be an excess of gallium across the region of n-type 
doping. In the following discussion it is assumed that the region of excess gallium 
extends across the n-type region and moves firom high to low concentration.
In the surface region there will be a high level of gallium excess with a level 
of n-type doping which is rising. In the region around the projected range the 
n-type doping reaches a maximum and the gallium excess has fallen to a lower 
level. Finally, in the tail region the n-type doping is decreasing quickly and the 
gallium excess is still falling. Therefore, at the surface the imbalance would have 
its greatest effect. In the region around the projected range the effect would be 
diminished due to the increased concentration of n-type doping and in the tail 
region the effect may become noticeable again because of the reduction in n-type 
doping. This is the situation found in the results for the matched implants. 
However, this does not explain why the tail of the profile, for the high dose 
oxygen implant into the silicon implants, becomes more abmpt between 750 and 
800°C. This data still requires a process that produces increasing compensation in 
this temperature range i.e. a process which may involve the oxygen atom.
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If this idea is correct then the sulphur implants would be expected to behave 
in the same way as the selenium because they become active on the same lattice 
site. This would appear to be the case if the relevant figures are compared. In all 
cases the number of carriers removed is considerably less for the sulphur implants 
than either the silicon or selenium implanted material. Compensation due to the 
oxygen atom has been suggested, for the high dose implant, but the effect is small 
in comparison with that seen for the deep silicon implants. This may suggest that 
the mechanism involving the oxygen atom is also dopant dependant.
None of these arguments precludes the other effects mentioned in 
section 5.3.1 occurring, but it does offer a way of describing the differing effects 
observed for the silicon and selenium implants.
It should be mentioned at this point that the calculations performed by 
Christel and Gibbons rely on taking a small difference between two very large 
numbers. They calculate the net vacancy and interstitial concentration (values of 
around IxlO^ c^m-^ ) and then subtract to give a result which is 2-3 orders of 
magnitude smaller (-'2xl0^’cm-3). Therefore, especially in the case of low doses, as 
used in this work, the results will be subject to large errors. This means that the 
direct comparison of these results with the profiles presented in this work must 
also be subject to the same errors.
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5.4 General picture from the results
The overall picture that emerges from the results obtained in this work is one 
where the nature of the compensation of n-type doping in GaAs using oxygen 
implantation is made up of a number of separate contributions.
1. Surface compensation up to about 2500Â, only directly observed in the single 
implant, which may be due to a combination of the disorder introduced into the 
electronic structure of the GaAs and/or a stoichiometric imbalance.
2. A deeper region starting from about 2500Â which extends beyond the single 
n-type implants into the region covered by the oxygen atomic distribution. This 
is likely to be due to nuclear disorder introduced by the oxygen implant. It is 
also possible that this disorder introduces a local stoichiometric disturbance 
which causes dopant sensitive compensation to occur.
3. Additional compensation associated with the presence of the oxygen atoms 
which follows the atomic concentration. Evidence from the deep silicon results 
suggests that this mechanism may be a deep double electron trap.
The contributions are schematically illustrated in figure 5.20 and are best shown 
in the results obtained from the double implants of silicon shown in figures 5.18.
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Figure 5.20
Schematic representation of the possible compensating mechanisms present 
in comparison to the electrical activity from the single and double implants.
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5.5 Comparison of these results with the previously published data
The introduction in section 1.2 mentioned the results from a number of authors 
who have studied the compensation associated with oxygen implantation into n-type 
GaAs. This section compares the results obtained in this work with this previously 
published data.
Favennec showed that oxygen could be used to form semi-insulating layers in 
GaAs^ .^ His work was based on epitaxially grown n-type layers doped using tin, 
silicon, selenium or tellurium. It is worth considering his results in comparison to 
those presented here especially as he used the same energy for the oxygen 
implantation as was used in this work. In figure 5.21 his data is reproduced to show 
the absolute number of carriers removed to aid comparison with the data presented 
from this work. This figure shows that the shape of the compensation observed is 
almost identical to that found in this work. The main difference between the two 
profiles is at the surface. There are a number of points to mention;
1. The zero bias depletion depth as measured in this work was ~4500Â but 
Favennecs’ profile shows a value of ~2000Â. Therefore, there must be a 
considerable difference in the compensating effects in this surface region. This 
is probably due to the dose that Favennec used being 20 times less than that used 
in this work, leading to the dramatic reduction observed.
2. It is curious to note that the C-V profile for the highest temperature anneal 
performed after the IxlO^ ’^cm-^  oxygen implant appears to have a zero bias 
depletion depth of 0.55|xm. This is at least double the value found for the lower 
concentration samples but no mention of this discrepancy is made by the author.
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Comparison of Favennecs’ result with the absolute number 
of carriers removed from the double silicon implants.
Figure 5.21
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Whilst defect and oxygen related compensation is assumed from both 
measurements the annealing behaviour observed would appear to be different. 
Favennec concludes that the contribution due to defects is removed after annealing at 
600°C for all the doses used in his work. The work presented here, in contrast, 
suggests that the contribution from the defects is not removed even by temperatures 
around 800°C. This may indicate a difference between the effects of oxygen in doped 
and ion implanted material. Further to this Favennec concludes that there is no 
difference in the compensating behaviour of oxygen when the dopant species is 
changed, a result which is clearly contradicted by the results presented here and those 
of Berth et al.^  ®. Once again this may point to a difference in the effects of oxygen on 
ion implanted and doped layers.
Considering the defect contribution to the compensation and the temperature 
required to remove it, it is interesting to consider how Favennec comes to his 
conclusions. He plots curves of the removal ratio against annealing temperature where 
the removal ratio is defined as "the ratio of the integral of the concentration of 
compensated carriers to the total dose of the implanted ions". He then proceeds to plot 
this ratio for both defects and oxygen ions individually, but does not say how he 
calculates the two values from the one stated definition. In order to plot this kind of 
curve he would need to know the defect concentration after annealing, which he has 
not quoted and seems to be unknown.
The initial data he presents does appear to show a change in the maximum 
compensation position from 0.6pm to 0.75pm during annealing. However, using 
SUSPRE calculations these values do not coincide with the oxygen and defect profile 
as Favennec claims. If figure 5.21 is studied it appears that the compensation observed 
does coincide with the oxygen atomic distribution and not with the defect distribution
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as suggested by Favennec. The comment previously made concerning the anomalous 
zero bias depletion depth for the highest annealing temperature may indicate that the 
observation of the change in maximum compensation depth is not reliable. Therefore, 
it seems that the separation of defect and oxygen related compensation mechanisms is 
at least questionable from the results presented by Favennec. The results presented in 
this work suggest that the compensation observed is probably a product of the nuclear 
disorder and/or its effects on the stoichiometry and oxygen related compensation 
mechanisms.
The remainder of Favennec’s paper describes the use of oxygen to form semi 
insulating buried layers. The example shown is from a l.SMeV oxygen implant to a 
dose of lxlO^^cm'2. The resultant profile shows a semi-insulating region bounded by 
regions of constant carrier concentration after annealing at 700 or 800°C. Whilst the 
original carrier concentration is not quoted the observation of flat doping suggests that 
defect compensation has been annealed. One further observation is that the carrier 
concentration for the 800°C sample appears to be lower than that for 700°C annealing, 
but no mention of this is made by the author. The observation of flat doping is 
consistent with the results presented in this work in that the level of damage in the 
surface region introduced by the 1.8MeV implantation is very low. Consequently, the 
compensation due to the damage will be annealed at temperatures well below those 
found in this work where the amount of damage introduced is almost an order of 
magnitude greater.
The results presented by Favennec directly contradict the work of Berth et al.^  * 
and the results presented here in that he states that the effects of oxygen are not 
dopant sensitive. Firstly let us compare the results presented here with those of 
Berth et al.
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Figure 5.9 showed the SUSPRE predictions for the electronic and nuclear 
disorder profiles for the 500keV oxygen implant. Figure 5.22 shows the same 
predictions for lOOkeV oxygen and the PRAL predictions for atomic distributions of 
the oxygen, silicon and selenium (as used by Berth et al.). Any compensation 
introduced at the surface should not be observed in Berth’s results (apart from an 
increase in the zero bias depletion depth) because they use the C-V technique, which 
means that this effect would be lost in the depletion region. The shallower n-type 
doping employed in Berth’s work means that the nuclear disorder introduced by the 
lOOkeV oxygen implantation peaks before the peak of the n-type activity, in contrast 
to the results presented in this work where the opposite situation exists in the matched 
profile experiment. The observation by Christel and Gibbons that the arsenic excess 
occurs around the projected range means that in Berth’s work this occurs near the tail 
of the n-type doping.
The results presented by Berth are shown below in Figure 5.23. He finds that the 
silicon layer is fully depleted by an oxygen dose of IxlO^ c^m-^  but that the selenium 
layer only shows a small decrease even after implanting a dose of IxlO^ '^ cm-^ . It is 
curious to note that the authors conclude that the compensation observed is due to the 
oxygen atoms complexing with the silicon atoms. If this were the case then according 
to figure 5.24 the maximum compensation should occur at ~1800Â for the lowest 
oxygen dose used. Clearly, this is not the case which leads to the conclusion that the 
majority of the compensation they have observed is not due to the oxygen atoms but 
due to the disorder introduced by the implant. However, it is not possible to argue that 
the compensation observed is due to stoichiometric imbalance because the tail of the 
n-type region is likely to be covered by an excess of arsenic. This would suggest that 
the selenium rather than the silicon should be compensated, which is the exact
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Figure 5.22
Atomic profiies of the implants used by Berth et al.
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Figure 5.23
C-V results presented by Berth et al.
Profiles are shown for annealing at 8700 for 15minutes
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opposite of the observed result. The fact that the disorder is confined over a much 
shallower depth in Berth’s experiment than for the results presented in this report 
means that the distance over which gallium or arsenic has to diffuse to re-establish 
stoichiometry is reduced considerably. Consequently, it is more likely that the 
stoichiometry would be re-established after annealing in Berth’s experiment. If this 
were the case then the compensating mechanism would simply depend on the fact that 
there was disorder in the lattice. As Christel and Gibbons point out stoichiometry can 
be restored but this does not imply that the crystal quality is perfect. However, this 
argument does not explain why selenium and silicon behave differently.
As stated previously the work of Favennec directly contradicts the idea that the 
oxygen compensation is n-type dopant sensitive. The only obvious difference in his 
experiments is the fact that the n-type dopant is introduced during growth rather than 
by implantation. It is certain that the damage introduced by the n-type implantation 
will not be completely removed after annealing at 850°C, which means that residual 
disorder wül be present in the n-type layer prior to the oxygen implantation. However, 
it is not clear why this disorder should affect the compensation introduced by the 
oxygen implantation.
The work of Berth et al. and Favennec has been discussed at length because they 
presented profile measurements which gave a direct comparison to this work. The 
remainder of the work presented in the literature relies primarily on resistivity 
measurements as a tool to investigate the behaviour of oxygen.
The work of Von Neida et al.  ^" is in qualitative agreement with the work 
presented here. The trends that they observe in the resistivity after oxygen 
implantation and annealing are the same. It is worth noting however, that in their 
calculation of the activation energy they assume that there is only a single process
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dominating the compensation. Clearly, from the work presented here this is too 
simplistic a view. They conclude that defects are entirely responsible for the 
compensation observed in n-type GaAs, a view which is not borne out in the results 
shown in this report. However, their results do clearly show that the p-type dopants 
retain more compensation than the n-type after the oxygen implantation. This 
observation tends to suggest that the activation on gallium sites is retarded after 
oxygen implantation, an idea which also fits with the observed difference for silicon 
and selenium implants. It should be noted though that the results presented by Von 
Neida et al. do not show a noticeable increase in the compensation observed in silicon 
implants as compared to sulphur implants.
Pearton et al. in their review of implantation of GaAs, suggest that the main 
part of the compensation effect seen after oxygen implantation is due to point defect 
complexes. They suggest that point defects can remain within the lattice even after 
annealing at 950-1000°C. This tends to support the idea that damage compensation 
remains at higher temperatures than the oxygen related compensation as suggested in 
this work.
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CHAPTER 6
CONCLUSIONS AND FURTHER WORK
6.1 Electrical measurements
The error introduced by ignoring the surface depletion layer in Hall effect 
measurements on relatively low carrier concentrations has been shown to be 
significant. The Hall effect and C-V estimates to the carrier concentration profile have 
been harmonised using a correction procedure which calculates the surface depletion 
layer width. The corrected depth scale has also been used to modify the mobility 
profiles and this provides additional information over the C-V technique.
In the case of measurements made on silicon implanted substrates excellent 
agreement has been obtained between C-V and corrected Hall data. However, if 
selenium implanted substrates are measured the C-V data is shifted to greater depths 
than the corrected Hall estimates. This is thought to be due to effects introduced as a 
result of the increased damage associated with the selenium implantation. 
Measurements have also been made on sulphur substrates which showed diffusion to 
the surface and the bulk. The comparison of C-V and corrected Hall data is poor but 
in this case it is the errors associated with making Hall measurements over large 
depths which is thought to produce the discrepancy.
The correction procedure has been shown to provide a closer estimate to the 
actual profile in all cases than does the uncorrected data.
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6.2 Oxygen implantation
The primary aim of this work was to assess the differing effects of oxygen on 
n-type dopants in GaAs. The effects seen by Berth et al.® ’ were reproduced in this 
experiment but only at lower annealing temperatures. Deep silicon implants have 
shown that there are a number of compensating mechanisms operating. A mechanism 
directly related to the presence of the oxygen atom has been observed and it has been 
suggested that this is a deep double electron trap, in agreement with the observation 
made by Favennec ® It has been suggested by Christel and Gibbons ® ^  that localised 
areas of stoichiometric imbalance exist in implanted layers. Compensation due to 
disorder introduced by the implantation has been shown to be dopant sensitive and 
this behaviour can be simplistically explained by assuming that the damage inhibits 
dopant activation on the gallium site. This explanation has been put forward to 
describe the increased compensation observed when silicon is used as the n-type 
dopant. However, when this idea is applied to previously published results it cannot 
explain all the features observed.
The fact that the compensation in p-type material is always stronger than in 
n-type also suggests that the activation of dopants onto the gallium site is inhibited, 
in agreement with the results shown in this work. However, results have been 
presented in the literature which show no difference between sulphur and silicon 
implanted material no dopant sensitivity at all ® ^  and significantly enhanced 
compensation if beryllium is used as the initial dopant Clearly, there are a number 
of mechanisms operating but their exact nature and annealing rates are complicated 
and depend critically on the local environment and dopant species present.
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6.3 Further work
In this work the n-type doping has been introduced by implantation. A comment 
was made during the discussion about the difference observed in the compensation in 
doped epi-layers in comparison to implanted material, namely that in doped epi-layers 
there was no dopant sensitivity®^ but in implanted material there was. No further 
comments could be made because there was not enough information avaiable. This 
difference could be investigated in the following ways :
1. The implantation of the n-type dopant could be performed at elevated 
temperature which has been shown to reduce the defect concentration after 
implantation. Therefore, if the compensation introduced by the oxygen is 
affected by damage introduced during the n-type implantation this should be 
evident in the reactivation profiles.
2. The n-type and oxygen implantations could be performed without an anneal in 
between. This experiment alongside the elevated temperature implantation 
would provide relative profiles at each annealing temperature which should aid 
the interpretation of the behaviour of the oxygen.
The dependancy of the compensation on oxygen dose has not been conclusively 
shown in this report. Therefore, further implants should be performed over a wider 
oxygen dose range to clarify the behaviour. Likewise, it would be useful to vary the 
energy of the oxygen implants to observe the effect of moving the position of the 
damage introduced by the oxygen relative to the n-type doping. This experiment 
would have to be very carefully planned as a reduction in energy produces increased
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concentrations of damage if the dose remains constant. Therefore, detailed 
calculations of the effect of dose would be required to ensure that the number of 
variables is kept to a minimum.
It would be very useful to be able to perform deeper selenium implants to give a 
direct comparison to the high energy silicon implants shown. This would show 
whether or not the oxygen related mechanism is operative with selenium as it is with 
silicon. However, this will not be possible until implantation can be performed at 
2-3MeV.
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